Introduction: Amyloid fibrils are misfolded, protease-resistant forms of normal proteins. 
1. Background
Amyloid fibrils
Amyloids are misfolded forms of normal proteins which interact erroneously and generate insoluble aggregates or proteolysis-resistant fibrils. More than 20 plasma proteins form amyloids and its deposition cause various diseases. These proteins differ in primary structure; however, after conversion to an amyloidogenic form, they possess unique b-sheet conformation (cross b-sheet) which makes them insoluble, fibrillar, and resistant to protease [1] [2] [3] [4] [5] . Structural models of amyloid have been developed by electron microscopy, X-ray diffraction, solid state nuclear magnetic resonance, Congo red absorption spectroscopy, circularichroism spectroscopy, and electron paramagnetic resonance [6] [7] [8] . Dyes such as Congo red and thioflavin T are used for monitoring the kinetics of amyloid aggregation [9] .
Systemic diseases such as immunoglobulin light-chain amyloidosis, hereditary lysozyme amyloidosis, diabetes type II, and localized neurodegenerative diseases such as Alzheimer's disease (AD), Huntington's disease, Parkinson's disease, motor neuron disease, prion diseases, and forms of dementias are caused by deposition of amyloid fibrils in particular tissue concerned [9] [10] [11] [12] [13] .
Alzheimer's disease
Amyloid fibrils deposited in brains cause AD. They are abnormal clumps of toxic fragments (39-43 aa peptide), known as amyloid-b peptide (Ab). The peptide is found in the extracellular space between nerve cells blocking synaptic transmission leading to degeneration of neurons [14] .
Role of keratinases in degrading prions
Some amyloids such as prions (Mad cow disease or Kuru) are infectious. A normal cellular form of a-helical prion protein (PrPC) gets converted into an insoluble, proteaseresistant, cross b sheet abnormal form (PrPSc) that resists common proteases [15, 16] .
Different physical and chemical methods had been used to treat PrPSc [17] [18] [19] ; however, these methods had limitations. An alternate approach is the enzymatic degradation of prions using microbial keratinases. Microbial keratinases are proteases that effectively degrade sturdy proteins such as keratin [20] . Keratinases are produced by several microbial species including fungi [21, 22] , actinomycetes [23] especially genus Streptomyces [24, 25] , Bacillus [26, 27] , and archaea [28] . A keratinase purified from Bacillus licheniformis PWD-1 degraded prions efficiently [29] . Thereafter, more prion-degrading keratinases were identified [30, 31] . Recently, genetically modified proteases have been developed that can degrade prions efficiently [32, 33] .
Keratinases and Ab fibrils
Ab fibrils and prions possess cross b-pleated sheet-like structures. We investigated the activity of keratinases on Ab fibrils in vitro. Earlier, we isolated chicken feather-degrading actinomycetes, Amycolatopsis sp. MBRL 40, in our laboratory from soil samples collected from a limestone habitat [34] . We purified two keratinases, Ker1 and Ker2, from this strain and tested on Ab fibrils.
Amyloids may also not be associated with any diseases [35] [36] [37] [38] . An excellent example is amyloid fibrils formed from hen egg white lysozyme (HEWL). HEWL is a model system to study Ab fibril formation. HEWL forms Ab fibrils in the presence of ethanol, heat, acid, or guanidine hydrochloride [39] [40] [41] [42] . We generated Ab fibrils of lysozyme in vitro using urea and demonstrated formation of these fibrils by Congo red absorption spectroscopy, immunoblotting with anti-Ab antibody and high-performance liquid chromatography. Ab fibrils of lysozyme were completely digested by soluble Ker1 as well as Ker1 reconstituted on neutral and cationic liposomes. Soluble or reconstituted Ker2 partially digested Ab fibrils of lysozyme after 24 hrs of incubation.
Methodology
The reagents were purchased from HiMedia or Sigma-Aldrich unless otherwise mentioned.
Preparation of inoculum
Amycolatopsis sp. MBRL 40 was grown as described in the study by Ningthoujam et al [34] .
Production of keratinase
Keratinase production was carried out in feather basal medium (FBM) in the presence of chicken feather as described in the study by Ningthoujam et al [34] .
Purification of keratinases
The FBM culture broth was centrifuged (10,000 rpm, 15 mins, 4 C). The pellet was discarded, and the supernatant containing the crude enzyme was saturated with 80% solid (NH 4 ) 2 SO 4 and precipitated overnight at 4 C. The precipitate was recovered by centrifugation (5000g, 15 mins, 4oC). The pellet was dissolved in 5 ml of 50 mM phosphate buffer, pH 7.0, and dialyzed for 8 hrs against 1 liter of 50 mM phosphate buffer, pH 7.0, at 4 C with three changes of buffer. The dialyzed enzyme was subjected to purification using Q Sepharose Fast Flow, swollen, 45-165 mm (1 ml of dialyzed enzyme fractions was loaded onto the Q Sepharose Fast Flow column [5 ! 30 cm] previously equilibrated with 50 mM phosphate buffer [pH 7.0]). After clearing the unbound fraction in 50 mM phosphate buffer, bound fractions were eluted using 50 mM phosphate buffer containing linear concentration gradients of NaCl (0.25 M, 0.5 M, 1 M, and 2 M). Fractions of 1.0 ml each were collected at a flow rate of 0.2 ml/min. The protein concentration of each fraction was determined at 280 nm using a UV-Vis spectrophotometer (Beckman Coulter). Eluants 0.5 M NaCl and 1 M NaCl were found to be active. The fractions were further dialyzed for 5 hrs in 50 mM phosphate buffer without NaCl at 4 C. The final dialyzed fractions of 1 M and 0.5 M fractions were named as Ker1 and Ker2, respectively. The protein contents of the purified keratinases were estimated by the Lowry method using Bovine Serum Albumin as standard.
Keratinase activity assay
The activities of purified Ker1/Ker2 or total crude keratinase were determined using substrates such as Keratin Azure, chicken feather, and soluble keratin [43] [44] [45] .
Assay of protease activity
Proteolytic activities of Ker1, Ker2, and total crude keratinase were measured using casein as the substrate. One milliliter of 1% casein and 1 ml of Ker1 or Ker 2 or 1 ml of appropriately diluted crude keratinase were mixed with 3 ml of 50 mM phosphate buffer pH 7.0 and incubated at 40 C for 20 minutes. The reaction was stopped by adding 1 ml of 5% trichloroacetic acid and incubated at room temperature for 30 mins, followed by centrifugation (7000 rpm, 5 mins). The proteolytic products in supernatants were determined by recording the absorbance of the supernatant at 280 nm. Standards were prepared using 10-100 mg of tyrosine, and one unit of protease is defined as the amount of enzyme required to release 1 mg of tyrosine per minute under standard assay condition.
Formation of Ab fibrils of lysozyme
HEWL (1 mg/ml) was incubated with 8 M urea (48 hrs, 55 C) in 1 ml of 50 mM phosphate buffer (pH 7.0) to enable formation of Ab fibrils. The fibrils settled as white fibrous precipitates at the bottom of microcentrifuge tubes.
Treatment of Ab fibrils with Ker1/Ker2
Fibrous precipitates of Ab fibrils were suspended by vortexing in 50 mM phosphate buffer (pH 7.0) and incubated with purified Ker1 or Ker 2 at various concentrations (50 mg/ml, 100 mg/ml, 125 mg/ml, 250 mg/ml, 500 mg/ml) for various time intervals (0 hr, 3 hrs, 6 hrs, 12 hrs, 24 hrs) at 40 C.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and immunoblotting
Purified Ker1, Ker2, or Ab fibrils were fractionated using Bio-Rad Mini-PROTEAN sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) electrophoresis system. The molecular weights of Ker1 and Ker2 were estimated by comparing the relative mobility of proteins with protein markers of different molecular sizes (97.4 -20.1 kDa; Genei, Bangalore, Karnataka, India). For immunoblotting, the gels were blotted onto nitrocellulose membrane (GE Healthcare). Membrane blocking was performed by immersing the membrane in blocking buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5% bovine serum albumin, 0.02% sodium azide, 0.1% Tween 20) for 1 hr at room temperature. The blots were incubated with blocking buffer containing anti-mouse Ab antibody (1:500 dilution) for 1 hr at 4 C. After incubation with the primary antibody, the blots were washed thrice for 10 mins with blocking buffer and incubated with goat anti-mouse alkaline phosphatase conjugated secondary antibody (1:10,000) for 1 hr at room temperature. After washing the blots thrice for 10 mins, color development was carried out in 20-ml color development buffer containing 100 mM Tris-HCl (pH 9.5), 5 mM MgCl 2 , 100 mM NaCl containing nitro-blue tetrazolium chloride (2 mg/ml) and 5-bromo, 4-chloro, 3-indolyl phosphate (1 mg/ml).
Preparation of Ker1-loaded proteoliposomes
All lipids were purchased from Avanti Lipids, Alabaster, AL, USA. For neutral liposome preparation, phosphatidylcholine and phosphatidylethanolamine were used. For cationic liposomes, cationic lipids 1,2 dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-3-trimethyl amino propane (chloride) salt (DOTAP) were used. The lipids were dissolved separately in 100% ethanol at 10 mg/ml. For empty neutral liposome preparation, 10 mg equivalent of phosphatidylcholine was mixed with 50-mg equivalent of phosphatidylethanolamine in a glass vial. A thin lipid film appeared on the walls of the glass vial while rotating the glass vial and evaporating the solvent in air. The lipid film was rehydrated by addition of 5 ml of 50 mM phosphate buffer (pH 7.0). The lipid suspension was disrupted by several freeze-thaw cycles and extruded through filters with a 0.2-mm pore size to obtain a homogenous suspension of unilamellar lipid vesicles. Liposomes were further purified by ultracentrifugation (Beckman Coulter Model No: Optima L-90K) for 2 hrs at 1,00,000g (30,000 rpm) using Type 45 Ti rotor. For empty cationic liposome preparation, 10 mg equivalent of DOPE was mixed with 50 mg equivalent of DOTAP, and a similar methodology of neutral liposome preparation was followed. For protein reconstitution, 1 ml of liposome suspensions (neutral or cationic) were destabilized with 0.05% Tween 20, and 250 mg of solubilized Ker1 was added. The protein-liposome mixture was incubated for 2 hrs at 4 C. Ker1-reconstituted liposomes were dialyzed overnight against 1 liter of 50 mM phosphate buffer (pH 7.0), and protein-loaded liposomes were further purified by ultracentrifugation for 2 hrs at 1,00,000g (30,000 rpm) using Type 45 Ti rotor. Formation of Ker1-loaded proteoliposomes was confirmed by disrupting the proteoliposomes with 1% SDS and monitoring the increase in absorbance of the supernatant at 280 nm due to release of Ker1 from the liposomes into supernatant.
High-Performance Liquid Chromatography
Lysozyme, Ab fibrils, and Ker1-treated Ab fibrils were analyzed in a Agilent 1600 Infinity Series HPLC System (C18 column, 100% water solvent, flow rate: 1.0 ml/min, 50 mM phosphate buffer [pH 7.0]). The retention time (tR) of the peaks was recorded.
Congo red absorption spectroscopy
Congo red was added at a final concentration of 18 mM to microcentrifuge tubes containing 50 mM phosphate buffer (pH 7.0) that included soluble lysozyme, fibrous precipitates of Ab fibrils, or Ab fibrils solubilized or partially solubilized with Ker1/Ker2. The contents were mixed thoroughly in a vortex, and the tubes were incubated for 15 mins at room temperature. The spectrum of Congo red was monitored from 400 nm to 700 nm in a UV-Vis spectrophotometer (Beckman Coulter Model no: DU730).
Results

Production, purification, and activity of Ker1 and Ker2 keratinases
Amycolatopsis sp. MBRL 40 degraded insoluble chicken feathers completely after 48 hrs incubation at 40 C, resulting in clearance of FBM when compared with 0 hr of incubation (Fig. 1A) . Fractionation of the dialyzed broth on a Q Sepharose column resulted in elution of two major fractions at 0.5 M and 1 M NaCl. The dialyzed fraction as well as 0.5 M and 1 M NaCl fractions were analyzed by SDS-PAGE. Although dialyzed fraction showed two protein bands (20.1 and 50.1 kDa) (Fig. 1B, left panel) , 0.5 M and 1 M NaCl fractions showed single protein band of molecular weights 20.1 kDa and 50.1 kDa, respectively (Fig. 1B, right  panel) . NaCl fractions of 1 M and 0.5 M were named as Ker1 and Ker2, respectively.
The specific activity of each fraction was determined using keratin azure as substrate. The crude enzyme showed total activity of 11,550 U and specific activity of 105U/mg (Fig. 1C) . The enzyme in the dialyzed fraction had total activity of 6430 U, specific activity of 2572 U/mg, purification fold of 2.45, and yield of 55.67% when compared with the crude enzyme. Q Sepharose column chromatography resulted in increase in specific enzyme activity in both 0.5 M and 1M NaCl eluted fractions. The 0.5 M NaCl fraction showed total activity of 812.5 U and specific activity of 1625 U/mg resulting in purification fold of 15.47 and yield of 14.21%, as compared with crude enzyme. We observed highest specific activity in 1 M NaCl fraction with keratin azure as substrate. Total activity of 531 U was showed by 1M NaCl fraction, and specific activity was 1770 U/mg with purification fold of 16.85 and yield of 21.75%, as compared with crude (Fig. 1C ) Both Ker1 and Ker2 degraded casein, chicken feather, and soluble keratin. Ker1 was more potent than Ker2. Ker1 had better activity on soluble keratin (2.634 U/mg) and chicken feather (2.626 U/mg) than on casein (2.145 U/mg). Similar findings were observed for Ker2 as well (Fig 1D) . Both Ker1 and Ker2 were found to be keratinolytic proteases. Their activities were found to be inhibited by ethylenediaminetetraacetic acid and phenylmethylsulfonyl fluoride (data not shown), confirming the enzymes are metal-activated serine proteases.
Preparation of Ab fibrils of lysozyme
Lysozyme, in the presence of urea, formed white, fibrous precipitates at the bottom of the microcentrifuge tubes ( Fig. 2A) . The precipitate, after fractionation by SDS-PAGE and immunoblotting with anti-Ab antibody, gave positive signal, confirming formation of Ab fibrils. However, untreated lysozyme gave no signal (Fig. 3A) . To test the kinetics of Ab fibril formation, lysozyme was treated with urea at different time points and analyzed on HPLC. Lysozyme without urea showed a peak at a retention time (tR) of 1.39 min (Fig. 3A) . However, after 24 hrs of incubation, lysozyme formed three peaks with tR 1.071 min, 1.216 min, and 1.342 min (Fig. 3B) , and after 48 hrs, there was a single peak at tR 1.051 min (Fig. 3C) . These evidences suggest formation of amyloid fibrils of lysozyme which involves generation of various heterogeneous intermediary molecules (Fig. 3B) . The peak having tR of 1.342 min is lysozyme itself, and the other peaks are the intermediary molecules. All molecules of lysozyme were finally converted to homologous Ab fibrils after 48 hrs of incubation as represented by a sharp peak at tR 1.05 min (Fig. 3C) . Ab fibrils are known to bind Congo red, a sodium salt of benzidinediazobis (1-napthylamine-4 sulphonic acid). Ab aggregates stained with Congo red appear orange in white, polarized light, and apple green if placed between cross-polarizers, and binding of Congo red to amyloid fibrils results in a blue shift in the absorption spectra [46] . We analyzed the differences in the spectrum of Congo red in lysozyme solution alone and after binding with Ab fibrils using Congo red absorption spectroscopy. Lysozyme showed a peak with l max at 522 nm and an optical density of 0.123 (Fig 5A) . However, Ab fibrils of lysozyme at 48 hrs time point showed a hyperchromic (optical density 5 0.336) and a blue shift (l max 5 500 nm) (Fig. 5B) .
Activity of soluble Ker1 and Ker2 on Ab fibrils
Ab fibrils treated with Ker1 (125 mg/ml) for 24 hrs at 40 C resulted in solubilization of the white fibrous precipitate formed earlier at the bottom of the tubes (Fig. 2B) . The Ker1-treated Ab fibrils were fractionated on SDS-PAGE, followed by immunoblotting with anti-Ab antibody. Ker1-treated amyloid fibrils produced no signal in immunoblot (Fig. 3B, lane 3) , whereas untreated amyloid fibrils showed a positive signal (Fig. 3B, lane 2) confirming complete digestion of amyloid fibrils by Ker1 after 24 hrs of incubation. We had similar observations in HPLC as well. After treatment with Ker1, Ab fibrils tend to revert to a previous unaggregated state as reflected by a change in retention time of the peak (tR 5 1.268 min) (Fig. 4D) . To get insights into the mechanism how Ker1 degrades Ab fibrils, we carried out pretreatment by incubating lysozyme with Ker1 for 30 min at 4 C and then incubating the pretreated lysozyme with 8M urea for 48 hr. Immunoblotting with anti-Ab antibody generated no signal (Fig. 3B, lane 4) . Possibly, Ker1 was blocking the formation of amyloid nucleus necessary for Ab fibril formation. We found similar activity of Ker1 in Congo red absorption spectroscopy. Congo red after binding to Ker1-treated amyloid fibrils showed a red shift with absorption of 0.128 and a l max of 519 nm (Fig. 5C ), indicating reversal of Ab fibrils to an unaggregated state.
Ker2 was less potent than Ker1. It partially solubilized amyloid fibrils after 24 hrs, and measurable amounts of white, fibrous precipitate were still found at the bottom of the tubes (Fig. 2B) . Effectively, Ker 2 takes 7 days to digest the fibrous precipitate completely (data not shown). In 24 hrs, Ker2 digestion occurs partially, as evidenced by immunoblotting with anti-Ab antibody (Fig. 3B, lane 5) , compared to the levels of Ab fibrils alone (Fig. 3B, lane 2) . The partial activity of Ker2 on Ab fibrils was also demonstrated by Congo red absorption spectroscopy. Although the hyperchromicity of the spectrum reverted back to normal (optical density 5 0.180), the spectrum still showed blue shift (l max 5 506 nm) (Fig. 5D) , when compared to the Ab fibrils formed by lysozyme and urea (Fig. 5B) . Although Ker2 is less potent than Ker1 in degrading Ab fibrils, both enzymes possibly have same mechanism of action. We got similar observations when lysozyme was preincubated with Ker2. Although Ab fibrils were partially digested after 24 hrs of incubation with Ker2 as revealed by immunoblot (Fig. 3B, lane 5) , however, preincubation of lysozyme with Ker2 blocked the formation of Ab fibril even after incubation with 8M urea for 48 hrs (Fig. 3B, lane 6) .
Reconstitution of Ker1 on neutral/cationic liposomes and activity on Ab fibrils
We reconstituted Ker1 in liposomes and investigated whether vector formulation could degrade Ab fibrils of lysozyme similar to soluble Ker1. Ker1 was reconstituted on both neutral phosphatidylcholine liposomes (NKer1) and cationic DOPE/DOTAP liposomes (CKer1). Both types of reconstituted liposomes were incubated separately with Ab fibrils under same conditions as soluble Ker1. Immunoblotting with anti-Ab antibody generated no signals with Ker1-reconstituted liposomes, indicating complete digestion of Ab fibrils after 24 hrs (Fig. 3C , lane 4 and lane 6). Empty neutral (N) and cationic liposomes (C) had no activity on Ab fibrils, and positive signals were obtained when immunoblotted with anti-Ab antibody (Fig. 3C, lane 3 and lane 5). The activities of NKer1 and CKer1 were similar to soluble Ker1 (Fig. 3C, lane 2) .
Discussion
So far no effective pharmacotherapeutic options for prevention and treatment of AD are available. Many drugs currently being used for AD treatment work at different pathogenic stages and target either the acetylcholinesterase or Ab [47] . Some drugs that are commercially marketed to block acetylcholinesterase are TACRIL, donepezil (Pfizer, NY), rivastigmine (Novartis), GALANTIME (Janssen, Belgium), and so forth. Although some of these drugs could improve cognitive performance, they suffer from various adverse health effects.
Ab fibrils are major contributors to the progression and pathogenesis of AD, and their overproduction leads to synaptic dysfunction and formation of interneuronal fibrillary tangles and Ab plaques. The Ab plaques disrupt Ca 11 channels, leading to loss in action potential of neurons leading to their denaturation. Antioxidants (selegiline and melatonin), Ca 11 channel antagonists (nimodipine, flunarizine, verapamil, and tetrandrine), nonsteroidal anti-inflammatory drugs (indomethacin, tenidap, aspirin, ibuprofen, and naproxen), iron chelators, hypolipidemic drugs (desferrioxamine), and vaccination involving anti-Ab antibodies target formation of Ab or control its downstream adverse activities [48] [49] [50] . These drugs prevent Ab fibrillogenesis and aggregation, inhibit Ca 11 influx, inhibit inflammation, clears iron that cause neurotoxicity from brains, or clears Ac plaques. Some of these drugs are under clinical trials such as a new AD antibody, aducanumab, which degrades Ab plaques and is ready to undergo phase III clinical trials. The drugs suffer from side effects such as hepatic and renal toxicity, injection-site reactions, retinal toxicity, subacute meningoencephalitis, as well as inability to globally benefit in cognition and behavior.
Microbial keratinases can be promising molecules to be tested for drug development in AD. Our results confirmed Ker1 effectively degrades Ab fibrils of lysozyme in vitro within 24 hrs of incubation. Although keratinase has been purified almost 25 years back, its importance in treating prions is understood only recently. Abs have cross b-pleated sheet structures similar to prions, and it was likely that keratinases could degrade Ab fibrils also. However, no research groups have yet reported degradation of Ab by keratinases. It can be due to lack of proper protocol for testing keratinases or due to lack of potent keratinases.
Next Steps
Ker1 activity can be tested on mouse models of AD. Various strategies attempt to overcome blood-brain barrier (BBB) and deliver drugs inside central nervous system for treating neurological diseases. Invasive methods involve direct delivery of drugs into brain tissues by polymer/ microchip systems and so forth, whereas noninvasive strategy uses nanocarriers such as liposomes. Drugs in market/clinical trials for treating cryptococcal meningitis, pediatric tumors, and glioblastoma multiforme use nanocarrier strategy. As BBB consists of polyanions, our Ker1 docked liposomes (KD liposomes), being cationic, will bind electrostatically to BBB. However, for preclinical testing on mice, we will PEGylate the KD liposomes, as PEGylation will improve biodistribution and pharmacokinetics of liposome in mouse brain. The PEGylated KD liposomes will be conjugated to anti-transferring antibody or holotransferring in vitro. Intravenous injection of this formulation in mice will help in binding of antitransferrin antibody or holo-transferrin to the transferrin receptors in BBB endothelial cells, enabling KD liposomes to cross BBB, thereby delivering Ker1 inside mouse brains expressing Ab plaques. We can monitor degradation of Ab plaques by Ker1 in vivo by immunofluorescence staining of mouse brain tissue using anti-Ab antibody. If successful preclinically, we will test the potentiality of KD liposomes for treatment of AD in clinical trials. 
RESEARCH IN CONTEXT
1. Systematic review: We reviewed publications (including PubMed) searching for reports on amyloid digesting potential of microbial keratinases. Keratinases digesting prions have been reported; however, there is no report of any microbial keratinase-degrading b-amyloid (Ab) fibrils. As prions and Ab share similar cross b-pleated sheet-like structure, we purified microbial keratinases and screened for Ab fibril degradation.
2. Interpretation: We purified two potent keratinases, Ker1 and Ker2, from an actinomycete Amycolatopsis sp. Ker1-digested Ab fibrils in vitro. Ker2 was less potent. Both soluble Ker1 and Ker1 reconstituted on neutral/cationic liposomes had similar activities.
3. Future directions: We shall PEGylate our Ker1-loaded cationic liposomes for preclinical testing on mice as PEGylation improves biodistribution and pharmacokinetics of liposomes. Liposomes will be conjugated to antitransferrin antibody and administered through an intravenous formulation resulting in delivery of Ker1 inside the mouse brain. Activity of Ker1 in digesting Ab fibrils can possibly be tested.
